Although cod (Gadus morhua) in the North Sea and ICES Division VIa are assessed as single units, recent research suggests that the stocks consist of reproductively isolated subpopulations within a metapopulation. We investigate whether temporal trends in stock indicators are asynchronous across subpopulations, which would support the metapopulation hypothesis. First quarter trawl survey data for the years 1983 -2005 were aggregated into putative areas of high spawner fidelity (three in VIa, seven in the North Sea) to obtain indices of spawning-stock biomass (SSB) and recruitment (numbers-at-age 1). Asynchrony was investigated by fitting a smoother to the data for each of the ten spawning areas and testing whether the smoothers were parallel. Trends in SSB differed between spawning areas in both VIa and the North Sea. In VIa, SSB collapsed in the most southwesterly area, but remained more constant elsewhere. In the North Sea, there was a general decline in SSB, but areas thought to contain resident inshore populations showed more rapid declines than those in adjacent offshore areas. Recruitment results offered less support for a metapopulation, although recruitment in the southern North Sea declined rapidly before any trend was seen for the North Sea as a whole.
Introduction
Although current fishery management is usually based on singlestock assumptions, many marine fish stocks consist of several spawning components with varying degrees of reproductive segregation (McQuinn, 1997; Smedbol and Stephenson, 2001 ; Thorrold et al., 2001) . Such stocks are considered to be population rich (Sinclair and Iles, 1988) . Failure to account for population richness in fishery management may lead to the depletion of stock components, with unknown ecological consequences (Stephenson, 1999; Frank and Brickman, 2000) , and may critically affect the long-term stability and sustainability of an entire stock (Hilborn et al., 2003) . The northern cod (Gadus morhua) stock off Newfoundland is perhaps the best known example of population richness, and its collapse involved several component populations (Hutchings, 1996; Ruzzante et al., 1999; Smedbol and Wroblewski, 2002) . Since 1996 there has been evidence of recovery in the inshore populations, but no evidence of recovery offshore (DFO, 2007) .
The cod stocks in the North Sea and off the Scottish west coast (ICES Division VIa) are in a poor state (ICES, 2007a, b) , with spawning biomasses at historical lows. Although their management has primarily been through limitations on total stock landings, areas have also been closed (CEC, 2007) . Advice on recovery plans and particularly the utility of closing areas needs to take into account any differences in the dynamics of spawning groups within the stocks, if such groups exist.
Cod in the North Sea and VIa tend to exhibit a high degree of spawning fidelity (Bedford, 1966; Neat et al., 2006; Wright et al., 2006a) , and otolith microchemistry analyses indicate that adults from coastal regions originate from local nursery areas (Wright et al., 2006b) . A study of microsatellite DNA variation has indicated at least four divergent cod populations in the North Sea (Hutchinson et al., 2001 ); a structure supported by the extent of movements estimated from tag recaptures (Bedford, 1966; Wright et al., 2006a; Righton et al., 2007) . Despite this evidence for natal philopatry, there are examples from tagging studies too of quite distant straying (Bedford, 1966; Wright et al., 2006a) . Such evidence of subpopulations along with evidence of straying between segregated spawning grounds suggests a metapopulation structure. Metapopulations are characterized by subpopulations with differing demographic rates and population fluctuations linked by some movement and gene flow, and by the potential for local populations to undergo extinction and recolonization (Hanski, 1999; Smedbol and Wroblewski, 2002; Kritzer and Sale, 2004) . Evidence for recolonization of one North Sea spawning area has been found from a study of long-term genetic variation (Hutchinson et al., 2003) . However, no study has tested whether the dynamics of different spawning groups in North Sea and VIa cod are asynchronous, as would be expected if the spawning groups behaved like local populations within a metapopulation (Hanski, 1998) . Asynchronous population dynamics is important to metapopulation persistence, because it makes the simultaneous extinction of all local populations unlikely.
In this study, indices of the recruitment and spawningstock biomass (SSB) of putative populations are used to test for asynchrony within the North Sea and VIa cod stocks.
The indices are constructed from research vessel survey data derived from the first quarter of the years 1983 -2005. Ten putative areas of high spawner fidelity are considered, three in VIa and seven in the North Sea. Temporal trends in indices of recruitment and SSB are modelled by fitting a separate smoother to the logtransformed indices for each area. The smoothers are then compared across areas, parallel smoothers indicating synchronous dynamics and divergent smoothers indicating asynchronous dynamics.
Material and methods

Spawning areas
Putative population boundaries were defined using published genetic, tag-recapture, otolith shape, and chemistry information, together with information on spawning areas from the distribution of mature cod in the first quarter of the year (Table 1, Figure 1 ). Otolith shape may reflect environmental segregation (Galley et al., 2006) , and otolith microchemistry has been used to determine the nursery origin of spawning adults in Scottish coastal waters (Wright et al., 2006b ). Significant fine-scale genetic differentiation between the northern North Sea off Bergen Bank, within the Moray Firth, off Flamborough Head, and the Southern Bight suggests that spawning grounds in areas 5, 6, 7-8-9, and 10 are reproductively isolated (Hutchinson et al., 2001) . Where tag data were available, boundaries were based on the approximate extent of tag recaptures from spawning grounds. Defining boundaries that reflect the home range of cod from subpopulations is nevertheless difficult because cod may use several spawning grounds within a larger spawning area, such as off the north and west of Scotland (area 3; Wright et al., 2006a) . The 100 and 50 m depth contours were used to delimit the northern boundaries of areas 8 and 10, because tag recaptures suggest that they reflect the range of cod released north and south of the Dogger Bank, respectively (Bedford, 1966; Neat and Righton, 2007) . Flamborough (area 9) was separated from the German Bight (area 10) using tag-recapture data, although genetic evidence suggests that the Flamborough area was recolonized (after local depletion) by cod from adjacent areas in the 1970s (Hutchinson et al., 2003) . Figure 1 . Chart of the areas defined for putative populations of cod in the waters of ICES Division VIa and in the North Sea. The boundary between ICES Division VIa and Subarea IV is shown as a dashed line. The total catch of mature female cod from the surveys over the years 1983 -2004 is indicated by the shading. Numbers at length from each ICES rectangle were converted to numbers of mature cod using a maturity-length ogive calculated for each putative population area. For this work, the population areas were named 1 Clyde, Bedford (1966) , Riley and Parnell (1984) , Hutchinson et al. (2001) Migratory types refer to the classification of Robichaud and Rose (2004) .
Evidence for regional variability in cod dynamics in the North Sea and West of Scotland
Area indices
Indices of numbers-at-age from 1983 to 2005 were obtained for areas 1 -3 from the first quarter west coast Scottish groundfish survey (ScoGFS) conducted by Fisheries Research Services, Aberdeen, and for areas 4 -10 from the first quarter international bottom-trawl survey (IBTS), with data downloaded from the ICES 'DATRAS' web-based database (ICES, 2001) . Both surveys provide numbers-at-age by ICES statistical rectangle, 18 longitude by 0.58 latitude. The IBTS has two hauls per rectangle, and the ScoGFS usually has at least one haul per rectangle (ICES, 2001) . Indices for each spawning area were obtained as arithmetic means over the rectangles within that area, the same procedure used by ICES to produce indices for its stock assessment areas (ICES, 2001 ).
Indices of SSB were obtained by the sum of products
where U a,y , W a,y , and Mat a,y are the abundance index, mean weight, and maturity for cod at age a in year y, respectively. Weights-and maturities-at-age were taken from the VIa and North Sea cod assessments (ICES, 2007a, b) , and were for both sexes combined. Indices of recruitment were taken to be the indices of numbers-at-age 1, following the definition of recruits in the cod stock assessments. The indices of SSB and recruitment are not reliant on any fitting process, with no smoothing over cohorts or years. 
Statistical analysis
Asynchrony was investigated by testing whether cod in different putative spawning areas showed similar or divergent SSB and recruitment dynamics, i.e. by testing whether the time-series for each area could be adequately modelled by parallel smoothers. The SSB and recruitment indices were log-transformed to homogenize variances within areas, with the occasional zero index first replaced by one-half of the lowest non-zero value from the same area, and an unusually low SSB index for the Shetland area replaced by one-half of the next lowest index from Shetland. An additive model with a separate smoother for each area was then fitted to the log-transformed indices and compared with a model in which the smoothers were constrained to be parallel. To homogenize variances across areas, indices were weighted by the size of the area (the number of ICES rectangles), with those derived from IBTS data given twice the weight of those derived from ScoGFS data, reflecting the different number of hauls per rectangle in each survey. The effective degrees of freedom of the smoothers were determined by generalized cross-validation (Wood, 2006) using the 'mgcv' library of the R software package. An F-statistic was used to compare the two models. This was referred to an empirical F-distribution, constructed by bootstrapping, that accounted for any within-year correlation in indices across areas (Youngson et al., 2002) . Within-year correlations were assessed using the correlation matrix of the residuals after fitting a separate smoother for each area.
The global tests described above show whether there are asynchronous dynamics somewhere in the North Sea or VIa, but do not indicate specifically where the differences are. The global tests were therefore supplemented by pairwise comparisons in Evidence for regional variability in cod dynamics in the North Sea and West of Scotland which a smoother was fitted to the differences between the log indices from two areas, and compared with a constant fit by a standard F-test. Modelling the difference in log indices accounts for any correlation between areas without the need for bootstrapping (Youngson et al., 2002) . Bonferroni corrections were used to account for the number of comparisons. As there appears to be little exchange of juveniles and adults between the west of Scotland and the North Sea (Wright et al., 2006a; Gibb et al., 2007) , pairwise comparisons were considered separately for the two regions. The pairwise comparisons were also visualized using reference bands (Bowman and Azzalini, 1997) : the trends (in SSB or recruitment) differ between two areas when the smoothers move outside their reference bands.
Results
Spawning-stock biomass
All the putative spawning areas, with the possible exception of Shetland, show a decline in SSB (Figure 2 ). There are differences, however, in the extent of the decline across areas. In VIa, SSB appears to have collapsed in the Southwest area; in three of the last 4 years, no fish of mature age were recorded and the remaining year gives the lowest non-zero value. The VIa indices, using data from all hauls in areas 1 -3, show a decline in SSB, but not one as severe as that in Southwest. In the North Sea, the decline in the large offshore areas appears greater passing from north to south (Viking to Fisher to Dogger). Also, the decline in inshore areas appears to be greater than in offshore areas of similar latitude There was negligible evidence of any within-year correlation of SSB indices across areas (Table 2 , lower left triangle). The global F-tests found significant differences in SSB trends between areas (all areas, p , 0.001; North Sea, p = 0.006; VIa, p = 0.011). The results of pairwise comparisons are shown in Table 3 and Figure 3 . In VIa, the Southwest area has a much steeper decline in SSB than both the adjacent Minch area to the north (p , 0.01) and the Clyde (p , 0.05). In the North Sea, the relatively large number of areas made few pairwise comparisons significant once a Bonferroni correction was applied, but the trend in the Flamborough area still differed significantly from those in the offshore areas Viking, Fisher, and Dogger (p , 0.001, ,0.01, ,0.01, respectively) and that in Shetland (p , 0.05). The decline in SSB in Flamborough was more marked than in other areas and appeared to accelerate in recent years (Figure 3 , second bottom row).
Recruitment
Time-series of recruitment indices (numbers-at-age 1) for the putative spawning areas are shown in Figure 4 . The recruitment indices are more variable than the SSB indices, with strong withinyear correlations across areas (Table 2, Table 4 and Figure 5 . The only pairwise comparison significant at the 5% level following Bonferroni correction was between Moray (increasing trend) and East Coast (decreasing trend). Without the correction, the trend in Moray differed from that in all other North Sea areas apart from Shetland, and the decreasing trend in Dogger differed from the trends in Viking, Fisher, and Flamborough, where recruitment was fairly constant or rising in the early part of the time-series.
Discussion
Most putative spawning areas showed a decline in SSB over the study period (1983-2005) . Although this might indicate widespread environmental stress or overexploitation, it does not necessarily indicate a lack of population structure. It is legitimate to search for demographic patterns overlying a region-wide decline. For example, Rothschild (2007) identified five stock complexes of Northwest Atlantic cod, while finding a common peak in SSB among all stocks and coherent changes in weight-at-age. Here, the significant differences in SSB trends within both the North Sea and VIa are consistent with asynchronous population dynamics across spawning areas, which in turn is consistent with a metapopulation structure (Hanski, 1999) .
There were few significant differences in recruitment trends across areas. In part, this could be due to the high interannual variability in the recruitment time-series (Figure 4 ), which will have limited the power of the analysis. The within-year correlations in the recruitment indices across areas suggest widespread environmental influences on recruitment, e.g. affecting survival of eggs and larvae. These correlations are unlikely to be due to year effects in the surveys, because the SSB indices showed negligible within-year correlations across areas. Rothschild (2007) concludes that SSB is a better stock differentiator than recruitment because it acts as a natural filter that integrates or averages recruitment.
Recruitment in Viking was low relative to the SSB found there, whereas in Fisher and Dogger, farther south, recruitment was high relative to SSB (Figures 2 and 4) . This suggests that young fish move north as they become older, something that would undermine the subpopulations proposed. However, tag-recapture experiments on age 1 cod initially captured in the southeast North Sea indicate that their northward movements are limited to the central North Sea (Riley and Parnell, 1984) . In contrast to older age classes, cod aged 1 typically concentrate in winter in shallow waters of many parts of the North Sea and coastal waters of the Scottish west coast, and this may influence their accessibility to first quarter surveys (Heessen, 1983; Riley and Parnell, 1984; Gibb et al., 2007) . Several shallow sites are sampled at Dogger and Fisher, whereas the sampling sites at Viking are deeper. If juveniles at Viking are concentrated in coastal waters or on the top of banks, they may not be sampled adequately. A similar effect can be expected in VIa in the Minch area.
The spatial resolution of the surveys limited the minimum geographical size of the populations that could be differentiated by the approach used here. The variability of each index was approximately proportional to the number of hauls on which the index was based, and hence the large variability in the Shetland indices (Figures 2 and 4) . A more powerful assessment of whether small areas hold populations with unique demographics would require time-series constructed from more-intensive sampling regimes. Care would be needed, however, when combining data from different surveys, which may have different selectivities for a given species. The use of two surveys in this study was not an issue, because both are ICES IBTS and have been standardized as far as possible. Also, the indices for a given area were compiled using only one survey, so were consistent over time.
From their analysis of decadal mean cod densities in first quarter IBTS surveys, Hedger et al. (2004) concluded that the spatial distribution of mature cod had shifted towards deeper water in the northern North Sea between the 1980s and 1990s. Using data from the third quarter English groundfish survey, Perry et al. (2005) also proposed a northward movement in cod distribution, and found significant correlations with three measures of North Sea warming. Such results could be interpreted as a distributional shift of a panmictic population, but our study here suggests that they may in fact represent changes in the relative abundance of local populations.
Even if separate local populations have been identified correctly, it is not possible to say to what extent differences in SSB trends are attributable to internally driven population dynamics or differing environmental or fishing pressures. Bjørnstad et al. (2004) showed how age-structured interactions and stochastic recruitment could induce low-frequency variability at the stock level when the model is based on cod life history (densitydependent survival through intra-and inter-cohort competition; Figure 5 . Pairwise comparisons of recruitment trends between spawning areas in the North Sea (lower left frames) and in ICES Division VIa (upper right frames). Each frame shows the smoothed trends with reference bands (area labelled on vertical axis, solid line and grey area; area labelled on horizontal axis: dashed line and hashed shaded area). The trends differ between two areas when the smoothers move outside their reference bands.
Evidence for regional variability in cod dynamics in the North Sea and West of Scotland lifespan and maturity-at-age based on Norwegian Skagerrak cod). The time-scale of the resulting low frequency variation was sufficiently long potentially to mimic variation in abundance linked to environmental change or overexploitation. A longer time-series of data would help to resolve the issue, as would spatially resolved data on effective fishing effort.
We conclude by considering the practical implications for stock assessments and management of accepting the metapopulation structure considered. Assessments of some stocks, such as cod in VIa and the North Sea, place greater emphasis on research vessel survey abundance indices than on commercial catches. Indices formed from arithmetic means across statistical rectangles are simple to construct and are proportional to abundance (ICES, 2001) . Their use, however, will lead to any large and relatively homogenous area dominating the signal from distinct but smaller areas if they are combined. For example, a sharp decline in SSB in recent years has been evident in the stock assessments for cod in VIa, but because one index is produced for the whole of VIa, no account can be taken of the apparently contrasting fortunes of the Clyde and Minch areas compared with the offshore Southwest area.
Knowing that separate spawning areas belong to separate subpopulations rather than being alternative sites for a single stock might alter the perception of area closures designed to protect spawning aggregations. However, mixing of component subpopulations over a large area outside the spawning period would likely render effective permanent closed areas impracticable. Under such circumstances, focus on achieving a fishing mortality low enough to protect the most vulnerable stock component may be more appropriate. Notwithstanding, studies used in the definition of putative subpopulation areas (Figure 1, Table 1 ) have indicated generally that year-round cod movements remained within their boundaries (Wright et al., 2006b; Righton et al., 2007) .
Of more immediate concern is the strong declines in recruitment and SSB in the Dogger and Flamborough areas. The Flamborough area is believed to have suffered a local extinction in the past (Hutchinson et al., 2003) , and the trends in both recruitment and SSB point to future (commercial) extinction before anything similar is seen for the North Sea as a whole. Assuming metapopulation structure, and given genetic evidence, one might expect eventual recolonization from the adjacent Fisher area over a period of decades. Evidence from the Canadian northern cod stock, however, highlights the potential delay in recolonization, because there is no evidence for significant immigration of adults across inshore -offshore substock boundaries since the fishing moratorium in 1992 (DFO, 2007) . We may be witnessing an even more advanced stage of subpopulation collapse in the Southwest area of VIa.
